Multiaccess interference (MAI) and time-varying multipath e ects are the two most signi cant factors limiting the performance of code-division multiple access (CDMA) systems. While multipath e ects are exploited in existing CDMA systems to combat fading, they are often considered a nuisance to MAI suppression. We propose an integrated framework based on canonical multipath-Doppler coordinates that exploits channel dispersion e ects for MAI suppression. The canonical coordinates are de ned by a xed basis derived from a fundamental characterization of propagation e ects. The basis corresponds to uniformly spaced multipath delays and Doppler shifts of the signaling waveform that capture the essential degrees of freedom in the received signal and eliminate the need for estimating arbitrary delays and Doppler shifts. The framework builds on the notion of active coordinates that carry the desired signal energy, facilitate maximal exploitation of channel diversity, and provide minimum-complexity MAI suppression. Progressively powerful multiuser detectors are obtained by incorporating additional inactive coordinates carrying only MAI. Signal space partitioning in terms of active/inactive coordinates provides a direct handle on controlling receiver complexity to achieve a desired level of performance. System performance is analyzed for two characteristic time-scales relative to the coherence time of the channel. Adaptive receiver structures are identi ed that are naturally amenable to blind implementations requiring knowledge of only the spreading code of the desired user.
Introduction
Code-Division Multiple Access (CDMA) has emerged as a promising core wireless technology for meeting the physical layer challenges of modern communication networks. Innovative signal processing is playing a key role in the design of high-performance CDMA receivers. Major signal processing challenges stem from three key factors that have a signi cant impact on CDMA system performance: channel propagation e ects manifested as multipath dispersion, multipath fading, and temporal variations or Doppler e ects; multiaccess interference (MAI); and, complexity of the signal processing algorithms. Furthermore, these factors a ect system performance in an interrelated fashion and have to be addressed jointly.
For signaling waveforms of duration T and bandwidth B, the dimension of the overall signal space is approximately N o = TB (e.g., 1]). In direct-sequence CDMA systems (the focus of this paper), N o is proportional to the spreading gain N = T Tc , where T c is the chip duration. Centralized receivers, which have the knowledge of spreading codes of all users, represent the signal space in terms of symbol-rate sampled outputs of the matched lters for di erent users 2]. Decentralized receivers, which have knowledge of only the spreading code of desired user, represent the space in terms of N-dimensional chip-rate sampled 1 outputs of the matched lter for the desired user. If the number K of (strong) users is smaller than N o , it is most advantageous to operate in the lower-dimensional subspace containing the multiuser signal. While centralized receivers directly accomplish this, decentralized receivers rely on the data itself to adaptively estimate the multiuser subspace (see, e.g., 3, 2, 4, 5] ). For desired performance of adaptive decentralized receivers in realistic time-varying scenarios, it extremely important to map the received signal to a lower-dimensional subspace to enable reliable estimation of requisite statistics and rapid tracking. However, most existing decentralized receiver designs operate in the full (N) dimensional chip-rate sampled space which can result in unacceptably poor performance in realistic time-varying scenarios (see, e.g., 6]). Multipath propagation e ects distort the signal and make the problem even more challenging. While there has been considerable recent research on decentralized reception over multipath channels (see, e.g., 3, 7, 8, 9, 10] ), it falls short of jointly addressing the key issues of propagation e ects, MAI suppression and receiver complexity, primarily due to the 1 Or oversampled outputs to cover all N o N dimensions.
1 lack of an appropriate framework relating these aspects of receiver design. In particular, there is no systematic approach for e ecting a judicious complexity versus performance tradeo . We introduce receiver design in canonical multipath-Doppler coordinates as an integrated framework for combating time-varying multipath distortion, suppressing MAI, and managing receiver complexity. The canonical coordinates are derived from a fundamental characterization of channel propagation dynamics in terms of uniformly spaced discrete multipath delays and Doppler shifts of the signaling waveform. These waveforms capture the essential degrees of freedom in the received signal and constitute a canonical xed basis for representing it. Consequently, processing in canonical coordinates eliminates the need for estimating arbitrary delays and Doppler shifts. Canonical multipath-Doppler coordinates provide a natural partitioning of the signal space which enables exploitation of propagation e ects for MAI suppression and diversity processing. A key notion in our framework is that of primary and secondary coordinates 11] . The primary coordinates of a desired user depend on its multipath and Doppler spreads and de ne a canonical low-dimensional subspace for capturing its signal energy. The primary coordinates facilitate maximal exploitation of channel diversity 12] and minimum-complexity MAI suppression. However, additional degrees of freedom are needed in general to adequately suppress the MAI that corrupts the desired signal in the primary coordinates. These additional degrees of freedom are furnished by the secondary coordinates. The secondary coordinates may include the active coordinates of other users (centralized reception) 13, 11] , or inactive coordinates of the desired user (decentralized reception) 11] that do not contain the desired signal but only the MAI. The signal space partitioning in terms of primary/secondary coordinates provides a systematic approach for tailoring receiver complexity to achieve a desired level of performance. The generic receiver structure is depicted in Figure 1 .
The next section develops the notion of canonical multipath-Doppler coordinates. Section 3 derives a decentralized minimum-mean-squared-error (MMSE) receiver structure in terms of primary and secondary coordinates. Performance analysis in Section 4 guides the choice of design parameters. Examples illustrating various facets of the framework are presented in Section 5. Practical issues related to channel estimation adaptive/blind implementations are discussed in Section 6. Concluding remarks are provided in Section 7.
Canonical Multipath-Doppler Coordinates
This section provides a brief discussion of the concept of canonical multipath-Doppler coordinates that underlies our framework 12, 11] . The complex baseband received waveform r(t) for a single symbol of a single user is given by r(t) = s(t ? s ) + n(t); (1) 
where s(t) is the information bearing signal, s is the user delay, n(t) is complex AWGN, and q(t) denotes the spread-spectrum signaling waveform of duration T. Channel propagation is characterized by the multipath-Doppler spreading function H( ; ) which accounts for the temporal and spectral dispersion produced by the channel 14]. T m and B d denote the multipath and Doppler spreads of the channel, respectively. 2 The key idea behind canonical multipath-Doppler coordinates is that the receiver \sees" only nitely many degrees of freedom in the signal due to the inherently nite duration T and essentially nite bandwidth B of the transmitted waveform q(t) 12, 11, 14] . These essential degrees of freedom are captured by the following fundamental characterization 12, 11, 14] 
The computed coordinates in (5) always include the active coordinates. However, inactive coordinates, C ia = f(l; m) = 2 C a g, corresponding to canonical delays and Doppler shifts outside the channel spread, may also be used to aid in MAI suppression. Canonical coordinates, taken together for all users and symbols of interest, along with corresponding channel coe cients, constitute su cient statistics for demodulation|all signal processing can be performed in the canonical coordinates. An important implication of the canonical representation (3) is that regardless of the actual physical distribution of multipath delays and Doppler shifts, virtually all information is contained in the uniformly spaced canonical coordinates 12, 11] . The main error in (3) is due to the bandlimited approximation and can be made arbitrarily small by su cient oversampling in multipath. In particular, for direct-sequence CDMA, B is inversely related to the chip duration T c = T=N, where N is the spreading gain, and oversampling by a factor O corresponds to B = O=T c in (3) and (4).
Receiver Design in the Canonical Coordinates
For simplicity, we illustrate multiuser reception for the case of synchronized user transmissions and BPSK signaling. 4 The received signal for a single symbol admits the canonical representation r(t) = K X k=1 b k s k (t) + n(t); (6) 
where b k denotes the symbol, fq k;ml (t)g the canonical multipath-Doppler basis waveforms, and fH k;ml g the corresponding canonical channel coe cients of the k th user. The above signal representation provides a natural (dictated by channel dispersion e ects) a priori partitioning of the signal subspace that can be leveraged for MAI suppression. Centralized receivers represent the subspace in terms of active coordinates of all users 13]. Decentralized reception is based on an alternative representation in terms of active (primary) and inactive (secondary) coordinates of the desired user. The focus of this paper is on decentralized reception. We illustrate the key ideas behind the framework with decentralized MMSE receiver design and begin by assuming the knowledge of the channel coe cients of the desired user. In Section 6, we discuss blind channel estimation issues and blind implementations of the proposed receivers. The overall generic receiver structure is shown in Figure 1 Note that all the signal energy of the desired user is contained in g 1 . In the absence of MAI (i p = 0), only the primary coordinates are needed for optimal processing and the generalized 5 For simplicity we assume the same number of primary coordinates for all users.
RAKE receiver that exploits joint multipath-Doppler diversity via maximal-ratio-combining (MRC) is given by w MRC p = h 1 12] . In the presence of MAI, the fact that the desired signal belongs to the one-dimensional subspace spanned by g 1 can be exploited for suppressing i p in (9) (10) is the correlation matrix of the primary coordinates. This MMSE receiver works in the low-dimensional primary coordinates to provide minimal-complexity MAI suppression while maximally exploiting the available (multipath-Doppler) diversity to combat fading.
Primary and Secondary Coordinates: Enhanced Reception
Secondary (inactive) coordinates z s can be progressively incorporated into the receiver, via the lower branch in Figure 1 , to improve its MAI suppression capability. The secondary coordinates take the form coordinates z s is that they are signal free | they are only correlated with the noise and MAI component of z p . 6 The MMSE receiver operating on both the primary and secondary coordinates solves the following problem 
6 Note that in (11) we are assuming that e Q 11 0; that is, the active and inactive basis waveforms are roughly orthogonal. This assumption is based on the autocorrelation properties of spreading codes. However, our approach can be readily extended to account for nonzero correlations as well. (16) Using (13) and (16) (20) The solution for the primary and secondary lters in (17) and (18) has an intuitively appealing interpretation as illustrated in Figure 2 . Conditioned on a xed value of the g 1 = Q 11 h 1 , the matrix C is the linear MMSE estimator of z p from z s (ẑ p = C H z s ) and R ee is the covariance matrix of the corresponding estimation error e. Thus, the lter C optimally exploits the secondary coordinates z s to suppress MAI in z p (since z s is uncorrelated with the signal component g 1 in z p ). The lter w o;p then optimally suppresses the MAI remaining in the residual error e by forming an MMSE estimate ofb 1 from e (compare with the solution in (10) based on the primary coordinates only). The number of secondary coordinates D s can vary between zero (only primary coordinates) and N o ? D p (covering the entire signal space). As we will see, depending on the number of dominant interfering users, near-optimal performance can be achieved with signi cantly low-dimensional (D p +D s N o ) processing. In contrast, most decentralized receivers proposed in the literature are based on chip-rate sampled processing and operate in the full (N o ) dimensional space. 7 The natural signal space partitioning in terms of active/inactive coordinates provides a systematic approach to controlling receiver complexity.
Note that the above receiver only requires knowledge of g 1 = Q 11 h 1 and R zz . Q 11 only depends on the spreading code of the desired user and R zz can be readily estimated from data. This solution assumes the knowledge of h 1 of the desired user. In Section 6.2, we will see that the structure of e can be exploited for blindly estimating h 1 .
Performance Analysis
In this section we assess the performance of the proposed MMSE receiver structure under varying conditions. Our analysis will be based on two distinctly di erent time-scales related to the coherence time, T coh , of the time-varying multipath channel seen by the desired user.
Essentially, T coh is the time duration over which the channel coe cients h 1 (and hence g 1 ) remain virtually constant. T coh is roughly equal to the reciprocal of the Doppler spread (1=B d ) 17]. Within the coherence time, the channel is e ectively equivalent to an AGN channel and the probability of error (P e ) is governed by the instantaneous signal-to-interference-to-noise ratio SINR(g 1 ) which varies with g 1 18] . 8 However, over time intervals signi cantly longer than T coh the average P e must account for the e ects of fading by averaging SINR(g 1 ) over the statistics of g 1 . We note that for K users, within T coh the MAI exhibits N i = (K ? 1) degrees of freedom, whereas over time scales much longer than T coh the MAI can exhibit up to N i = (K ?1)D p degrees of freedom due to the time-variations in the channel coe cients. 9 We will analyze the receiver over both time scales and will also investigate measures of near-far resistance 2] that are appropriate in the two scenarios.
To facilitate analysis, we rst derive alternate expressions for the optimum solution.
Let y = z ? e g = i + n denote the signal-free component of the canonical coordinates
The Recall that S ? is non-empty as long as N tot N i + 1 (the total number of coordinates is greater than or equal to the dimension of the signal-plus-interference subspace). It follows from (32) that in the limit of high SNR ( 2 ! 0), as long as N tot N i +1 the optimum lter solution converges to a unit vector in the direction of e g ? 2 S ? . 11 That is, MAI is completely suppressed in the output of the MMSE receiver in the limit of high SNR if N tot N i + 1.
Thus, in the limit of high SNR, MAI with up to N i = D p ? 1 degrees of freedom can be suppressed with only the primary coordinates. This means that in a su ciently underloaded system, the primary coordinates (the upper branch in Figure 1 ) are adequate for required MAI suppression. On the other hand, the augmented receiver based on both primary and secondary coordinates is capable of suppressing MAI with up to N i = D p +D s ?1 dominant degrees of freedom. Thus, by progressively adding more secondary coordinates, we can suppress a larger number of interfering users.
Probability of Error
As mentioned earlier, for time-scales within the coherence time, T coh , the system performance is fairly accurately characterized by the SINR. The SINR is de ned as the ratio of the desired signal power to the interference and noise power at the output of the receiver and in our formulation it takes the form SINR(g 1 2 dx. We note that the SINR is a nondecreasing function of the total number of coordinates. As we saw in Section 4.1, in the limit of high SNR only N tot = N i +1 coordinates are necessary for suppressing N i interferers. As we see in Section 5, the SINR shows relatively small improvement as N tot is increased beyond N i + 1 by increasing D s (see Figures 3 and Figures 4) .
To compute the P e over time-scales much longer than T coh we need to average the conditional expression in (36) over the distribution of g 1 . 12 Since g 1 is modeled as Gaussian, 
Near-Far Resistance
Over time-scales within T coh , the proposed multiuser MMSE receivers are \near-far resistant" in the sense that the SINR(g 1 ) > 0 even in the limit of in nite interference power as long as 38) where jj denote the nonzero eigenvalues of R ii in (23) . We note that in the limit of strong interference (similar to 2 ! 0) the optimal lter aligns itself orthogonal to the interference subspace and thus completely suppress the MAI.
We also investigate the notion of near-far resistance de ned in 2, 20] based on the asymptotic relative e ciency (ARE) of the receiver. The ARE of the multiuser receiver compares its asymptotic performance (as 2 where P e (g 1 ; ) is the error probability of the receiver in the presence of MAI as a function of (implicit in (36) 
It is clear that (g 1 ) = 1 if e g is orthogonal to the MAI subspace S I and (g 1 ) = 0 if e g 2 S I .
In general, as long as N tot N i + 1 and e g ? 6 = 0, the system is near-far resistant.
As evident from (39), near-far resistance is also a measure of the transmitted power required in a single user receiver, relative to that in a multiuser receiver, to achieve identical performance. The value of 0 (g 1 ) 1 re ects the relative loss of e ciency in a multiuser receiver in terms of the transmitted power at high SNRs. We now investigate the relative powers required in single-user and multiuser systems over time-scales much longer than T coh . For this comparison, the P e of the single-user receiver is given by averaging Q q 2kg 1 k 2 2 over the distribution of g 1 . Following the discussion in Section 4.2, the P e is governed by the eigenvalues of R g 1 , say f su;l : l = 1; 2; ; D p g, and is given by (37) with l = su;l = 2 . Similarly, recall that the P e of the multiuser receiver is governed by the eigenvalues of R ?1 R g 1 . From (35) we note that as 2 ! 0, 2 R ?1 P ?;p = V ?;p V H ?;p . Thus, in the limit of high SNR the P e of the multiuser receiver is governed by the eigenvalues of P ?;p R g 1 , 13 Parallel to a similar result in 16] for AWGN channels. say f mu;l g, and is given by (37) with l = mu;l = 2 . Furthermore, for high SNR ( 1) the expression for P e in (37) can be simpli ed for a su ciently large dimension of the primary subspace, and under su ciently high SNR, we expect the P e of the multiuser receiver to be very close to that of a single-user MRC receiver operating in the absence of MAI. This trend is exhibited in Figure 5 (discussed in Section 5).
Choice of Secondary Coordinates
There that minimizes the trace of the resulting error covariance matrix R ee in estimating z p from z s . While a thorough discussion of this issue is beyond the scope of this paper, we note that the di erence in performance between di erent choices may not be very signi cant as illustrated in Figure 8 discussed in the next section.
5 Illustrative Examples
We now illustrate various features of the framework with some numerical examples based on a system with a spreading gain of N = 63 and supporting K = 4 users in a relatively slow fading environment. A wide-sense stationary uncorrelated scattering (WSSUS) channel is simulated using 16 uniformly spaced paths per chip duration with independent, equal-power fading coe cients. All users experience a multipath spread of T m = 2T c and a negligible Doppler spread (B d 0). Four-fold oversampling (B = 4=T c in (3) and (4)) is employed at the receiver which yields D p = 9 primary coordinates for each user. The background noise is such that the SNR of the desired user is 20dB unless otherwise noted. All results correspond to BPSK signaling and channel coe cients of the desired user are assumed known at the receiver. Figure 3 illustrates the improvement in SINR as a function of D s . The SINR is plotted versus the power of interfering users. The curves correspond to time-scales much longer than T coh of interfering users. 14 Figure 3 (a) depicts the case of 1 strong interfering user resulting in N i = D p = 9 MAI degrees of freedom. Figure 3 (b) corresponds to 3 strong interfering users (N i = 27). For shorter (< T coh ) time-scales, the two scenarios may be interpreted as representing 9 versus 27 interfering users. As evident, the performance of the MMSE receiver increases signi cantly as D s is increased so that N tot = D p + D s approaches N i + 1, beyond which the performance saturates. Particularly, note that for D s = 0, the performance of the MMSE receiver is signi cantly better than that of the MRC receiver. (37) is fairly good and is more accurate when e ective MAI in the output of the receiver is smaller (for large D s ). Note that the approximation (37) seems to lowerbound the actual receiver performance. Figure 6 shows the analytically computed P e as a function of the power of 3 interfering users for di erent values of D s . The improvement in performance with D s is evident. Figure 7 plots the the near-far resistance (see (40)) versus D s for three di erent realizations of h k 's of all users to illustrate the variations with channel coe cients. There are 3 strong interfering users yieldling N i = 3 (short time-scales). Note that the value of tends to converge with increasing D s and the improvement in near-far resistance saturates as D s is increased. Finally, Figure 8 explores the e ect of the choice of secondary coordinates on performance. There are 3 strong interfering users and P e is computed for three di erent choices of secondary coordinates as a function of interference power. Figure 8 
Implementation Issues
The proposed MMSE receiver structure requires knowledge of second-order statistics (R zz ) of the canonical coordinates and the channel coe cients of the desired user h 1 . In practice, both of these quantities have to estimated from data. In this section we brie y discuss 15 such implementational issues. We rst discuss adaptive formulations of the receiver which assume the knowledge of h 1 and infer the optimum solution directly from data by implicitly estimating R zz . We then discuss the estimation of h 1 directly from data using one of the adaptive receiver structures.
Adaptive Implementations
To derive an adaptive formulation of the proposed receiver, we rst cast it in the framework of Linearly Constrained Minimum Variance (LCMV) ltering 19] . In this formulation, the optimum lter w mv;o minimizes the average output power subject to constraining the signal component to remain constant: 
Note that the solutions in (43) and (27) are identical upto a scalar.
To implement w mv adaptively, we formulate it as a Generalized Sidelobe Canceler (GSC) 19] to convert the constrained problem in (42) into an unconstrained one. Figure 9 shows two adaptive implementations based on the GSC approach. Note that C can be adapted unconstrained since the secondary coordinates are signal free. The primary lter w p is decomposed as in the parallel scheme to satisfy the constraint. In this case, the w uc and C represent the (D p ?1)+(D p D s ) unconstrained degrees of freedom that can be adaptively updated. A thorough analysis of these adaptive implementations is beyond the scope of this paper. However, we note that the serial scheme in Figure 9 (b) is particulary suited for blind estimation of g 1 , as discussed in the next section. Under certain conditions, the dominant eigenvector of R ee yields an accurate estimate of g 1 .
Channel Estimation
If h 1 is not known a priori, we can extend the LCMV formulation analogous to the use of Capon's method in 7] to estimate the channel coe cients. We outline an approach for estimating g 1 = Q 11 h 1 from which h 1 can be obtained since Q ?1 11 exists. It is based on the serial adaptive receiver in Figure 9 (b).
We start by noting that the constraint in the LCMV approach is based on g 1 . In the extended formulation we replace g 1 with an arbitrary constraint vector f 1 . This yields the corresponding LCMV solution in (43)-(44) in terms of f 1 . Then, the optimum (unit-norm) f 1 is de ned as one which maximizes the parameterized minimum output variance: Note that e = g 1 + i p + n p where i p and n p represent the residual MAI and noise after the rst stage of MAI suppression e ected by C, as illustrated in Figure 9 (b).
Intuitively, for su ciently high SNR and for su ciently many secondary coordinates, we expect the dominant eigenvector of R ee to be strongly in uenced by g 1 
Conclusion
The generic linear multiuser receiver in Figure 1 typi es our integrated design framework in terms of canonical multipath-Doppler coordinates. The canonical coordinates fully incorporate time-varying channel dispersion e ects via the robust and parsimonious signal representation (3) and provide a natural subspace approach to MAI suppression. The primary coordinates facilitate maximal exploitation of channel diversity and limited MAI suppression. Progressively enhanced MAI suppression can be attained by augmenting the receiver with secondary coordinates. The framework also lends itself easily to blind/adaptive implementations that require knowledge of only the desired user's code. The natural signal space partitioning in terms of primary and secondary coordinates provides a direct handle on controlling receiver complexity. This is a particularly attractive feature in adaptive implementations in which the desired input statistics have to be estimated directly from data. For example, as reported in 6], existing chip-rate sampled adaptive receiver designs operating in the full-dimensional signal space su er from poor performance due to unreliable estimation of channel statistics in practical time-varying scenarios. Our framework for designing a range of progressively complex (powerful) receivers by incorporating secondary coordinates serves as a useful approach for striking a judicious practical tradeo between complexity and performance. Furthermore, while our examples focused on slow fading scenarios, the notion of Doppler diversity with appropriate signaling 12, 21] may also be leveraged in fast-fading scenarios to further enhance system performance. Finally, we note that notion of canonical coordinates can be extended to space-time scenarios as well 22, 23] . (17) and (18) . The matrix lter C suppresses MAI in the primary coordinates z p by using the secondary coordinates z s . The lter w p further suppresses MAI in the residual e and performs diversity combining. 
